Background: Hepatocellular carcinoma (HCC) is a leading cause of cancer deaths. Aflatoxins, which may play a causative role in 5-28% of HCCs worldwide, are activated in liver cells and induce principally G ! T mutations, including the TP53 codon 249(G ! T) hotspot mutation. The DNA damage checkpoint response acts as an antitumour mechanism against genotoxic agents, but its role in aflatoxin-induced DNA damage is unknown. Aim: We studied the DNA damage checkpoint response of human cells to aflatoxin B1 (AFB1). Methods and results: The treatment of HepG2 hepatoma cells with mutation-inducing doses (3-5 mmol/l) of AFB1 induced DNA adducts, 8-hydroxyguanine lesions and DNA strand breaks that lasted several days. Persistent phospho-H2AX and 53BP1 foci were also detected, but cell growth was not affected. AFB1-exposed HepG2 cells formed phospho-H2AX and 53BP1 foci, but failed to phosphorylate both Chk1 and Chk2. Huh7 hepatoma and HCT116 colorectal cancer cell lines also exhibited a similarly incomplete checkpoint response. p53 phosphorylation also failed, and AFB1-exposed cells did not show p53-dependent G1 arrest or a sustained G2/M arrest. These observations contrasted sharply with the fully functional DNA damage response of cells to Adriamycin. Cotreatment of cells with AFB1 did not inhibit p53 and p21
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Cip1 accumulation induced by Adriamycin. Thus, the deficient checkpoint response to AFB1 was not due to an inhibitory effect, but could be explained by an inefficient activation. Conclusion: Genotoxic doses of AFB1 induce an incomplete and inefficient checkpoint response in human cells. This defective response may contribute to the mutagenic and carcinogenic potencies of aflatoxins.
More than 600 000 people die each year from hepatocellular carcinoma (HCC), mostly (4 80%) in developing countries (1) . Dietary exposure to aflatoxins and infection with the hepatitis B virus are the major risk factors for HCC, the most frequent liver cancer in these areas (2) . According to a recent study, about 25 200-155 000 of global HCCs may be attributable to aflatoxin exposure. Most cases occur in sub-Saharan Africa, Southeast Asia and China, where populations suffer both from a high hepatitis B virus prevalence and largely uncontrolled aflatoxin exposure in food. Thus, aflatoxins may play a causative role in 5-28% of all global HCC cases (3) .
Aflatoxins are potent liver toxins, lethal when consumed in large doses. Sublethal exposures can induce chronic toxicity, and low levels of chronic exposure can result in neoplasia, primarily HCC, in many animal species (4) . Aflatoxin exposure in humans may occur at high or low levels, depending on the level of dietary Aspergillus contamination. Acute exposure to high levels leads to lethal aflatoxicosis associated with liver necrosis. Chronic exposure to low levels of aflatoxin is not lethal, but highly hepatocarcinogenic. Acute exposure to high levels of aflatoxins (4 20 mg/kg/day) with aflatoxicosis rarely occurs (5) . In contrast, 4 90% of people at a high risk for aflatoxincaused HCC are exposed to very low doses (0.01-0.3 mg/kg/ day), but the exposition is chronic (3, 5) .
Aflatoxin B1 (AFB1), the major aflatoxin product, is metabolized mainly in the liver to AFB1-8,9-exo-epoxide and 8,9-endo-epoxide. The exo-epoxide form of AFB1 binds to DNA to form the predominant 8,9-dihydro-8-(N7-guanyl)-9-hydroxy AFB1 adduct, leading to a more stable imidozole ring-opened AFB1-formamidopyrimidine adduct (5) . The pseudo-half-life for loss of 8,9-dihydro-8-(N7-guanyl)-9-hydroxy AFB1 is short, but AFB1-formamidopyrimidine adducts are stable, accumulate for several days and remain detectable for several weeks in rat liver (6, 7) . The initial 8,9-dihydro-8-(N7-guanyl)-9-hydroxy AFB1 adduct and AFB1-formamidopyrimidine adduct, individually or collectively, represent the likely chemical precursors responsible for the genotoxic effects of AFB1 (8) . In addition, common oxidative DNA damage, leading to 8-hydroxydeoxyguanosine lesions, was observed in rat hepatic DNA following exposure to AFB1 (4, 9) . AFB1 induces mainly G:C to T:A transversions (4). We (10, 11) and others (12) have identified a hotspot G ! T mutation at codon 249 of the TP53 gene (encoding the mutant p53ser249 protein) in HCC tissues in patients exposed to aflatoxins. Later studies demonstrated that this mutation was also detectable in non-tumour liver samples (13) , as well as in the plasma of 6% of healthy individuals, 15% of cirrhotic patients and 40% of HCC patients living in aflatoxincontaminated areas (14) . Thus, the AFB1-specific G ! T mutation of TP53 is frequently present in people exposed to aflatoxins before any clinically detectable liver tumour. Taken together, these observations provide strong evidence that low levels of AFB1 are highly mutagenic in people chronically exposed to this hepatocarcinogenic agent.
Eukaryotic cells have developed a powerful DNA damage response system to protect their genome integrity. DNA damage induces several cellular responses that enable the cell either to eliminate the damage or to activate senescence and apoptosis processes. DNA damage checkpoint proteins play a central role in coordinating repair and cell cycle progression to prevent mutation. Several kinases, including ATM, ATR, Chk1 and Chk2, adaptor proteins such as 53BP1 and downstream cell cycle control proteins such as p53 and Cdc25, are involved in damage sensing and cell cycle control. DNA repair mechanisms include direct repair, base excision repair, nucleotide excision repair, double-strand break repair and cross-link repair (15, 16) .
8,9-Dihydro-8-(N7-guanyl)-9-hydroxy AFB1 and AFB1-formamidopyrimidine adducts appear to be removed primarily by nucleotide excision repair in mammalian cells, but other repair systems have also been implicated in bacteria and yeast (8) . The mechanisms of the DNA damage checkpoint response to AFB1 are poorly known. Here, we explored the DNA damage checkpoint response of wild-type p53 human cells to AFB1 exposure. Our findings indicate that the checkpoint response to genotoxic and mutagenic doses of AFB1 is incomplete. AFB1-exposed cells failed to activate p53 and did not undergo cell cycle arrest or apoptosis, despite the presence of DNA adducts and the accumulation of DNA strand breaks.
Material and methods

Cell lines
HepG2 and Huh7 cell lines were cultivated as described previously (10) . HCT116 and HCT116-p53 À/À cell lines (17) , gifts from B. Vogelstein, were cultivated in McCoy's cell growth medium (Gibco) supplemented with 10% heat-inactivated fetal calf serum and 1% penicillin and streptomycin solution (Gibco).
Cell treatment
Aflatoxin B1 (Sigma, St Louis, MO, USA) was dissolved in dimethyl sulphoxide (DMSO, Carlo Erba, Milano, Italy). Adriamycin (Sigma) and hydroxyurea (Sigma) were dissolved in distilled water. Aliquots were stored at À 20 1C. Working dilutions were prepared fresh and added in a complete cell culture medium. DMSO (o 10 À3 v/v dilution) and distilled water were used for negative control experiments. AFB1 treatment was performed in the presence of the S9-activation system for all HCT116, HCT116-p53 À/À and some HepG2 experiments for enzymatic activation into the AFB1-8,9-exo-epoxide form. The S9 activation system was prepared as described previously (18, 19) , with minor changes. Briefly, the S9-activation mixture was prepared with 0.20 g/l S9 fraction from Sprague-Dawley rat liver (Xenotech, Lenexa, Kansas, USA), 10.5 mmol/l isocitric acid (Sigma) and 1.8 mmol/l b-nicotinamide adenine dinucleotide phosphate sodium salt hydrate (Sigma). This mixture was filtered (0.45 mm) and used at a 1:10 dilution in the cell culture medium.
Aflatoxin B1-DNA adduct and 8-hydroxy-deoxyguanosine immunoperoxidase assays Aflatoxin B1-DNA adducts and 8-hydroxydeoxyguanosine lesions were detected by immunoperoxidase assays, as described previously (20) , with minor changes. Briefly, cells were treated with AFB1 or DMSO on coverslips, washed with phosphate-buffered saline and then fixed in ice-cold methanol. AFB1-DNA adducts were detected using a monoclonal antibody (6A10) against an imidazole ring-opened persistent form of the major N7-guanine adduct of AFB1 (21) . Before the immunoperoxidase assay of AFB1 adducts, cells were treated with a buffer containing 15 mmol/l Na 2 CO 3 and 30 mmol/l NaHCO 3 (pH 9.6) for 2 h at room temperature. For the AFB1 adducts and 8-hydroxydeoxyguanosine lesions, cells were treated with RNAse (100 mg/ml) in Tris buffer (10 mmol/l Trizma Base, 1 mmol/l EDTA and 0.4 mol/l NaCl; pH 7.5) for 1 h at 37 1C. After washing with phosphate-buffered saline, proteinase K (10 mg/ml) treatment was carried out for 7 min at room temperature. After rinsing with phosphate-buffered saline, DNA was denatured with 2N HCl for 10 min and cells were neutralized by soaking coverslips in 50 mmol/l Tris base for 5 min. After blocking for 1 h, cells were incubated with mouse 6A10 (Santa Cruz, Trevigen, France) or mouse anti-8-hydroxydeoxyguanosine (Trevigen, France) monoclonal antibody overnight at 4 1C. Antimouse HRP-conjugated secondary antibodies (Invitrogen, Carlsbad, CA, USA) were used for 30 min for primary antibody detection. Cells were stained with diaminobenzidine solution (Dako, Carpinteria, CA, USA), counterstained with haematoxylin (Sigma), mounted with 80% glycerol and observed under an Olympus light microscope.
Post-treatment cell survival -colony-forming ability assay Cell survival was determined by assessing cell growth in 100 mm dishes after exposure to AFB1 or Adriamycin. HepG2 cells were seeded in six-well plates and semiconfluent cells were exposed to AFB1 (0-50 mmol/l) in the presence of the S9-activation system for 4 and 24 h respectively. Control cells were exposed to Adriamycin Liver International (2011) (0-5 mmol/l) in parallel experiments. Following exposure, 10 4 cells were seeded into 100 mm dishes. After 10 days of cell culture, colonies were fixed in cold methanol, stained with Crystal Violet (Sigma) and counted in triplicate experiments. Cell survival was calculated as the percent ratio of cell numbers in treated vs untreated cells. Survival parameters were determined by plotting survival data on a semi-log plot.
Western immunoblotting
These experiments were carried out as described previously (22) . Proteins were subjected to electrophoresis using 10% or 4-12% Bis-Tris NuPAGE Novex Mini gel systems (Invitrogen), according to the manufacturer's instructions. For the detection of phosphorylated proteins, cell lysates were prepared according to the protocol provided by the supplier using the following lysis buffer: 20 mmol/l Tris (pH 7.5), 150 mmol/l NaCl, 1 mmol/l EDTA, 1 mmol/l EGTA, 1% Triton X-100, 1 mmol/l Na 3 VO 4 , 1 mg/ml leupeptin and 1 mmol/l phenylmethylsulphonyl fluoride. Following electrophoresis, proteins were transferred onto nitrocellulose membranes and analysed using antibodies against cleaved caspase-3 (Cell Signaling, Danvers, MA, USA), total p53 (Santa Cruz), p21
Cip1 (Calbiochem, Darmstadt, Germany), phospho-H2AX (Millipore, Billerica, MA, USA), phospho-Chk2, phospho-p53ser15, phosphop53ser20 (all from Cell Signaling) and Calnexin (Sigma).
Senescence-associated b-galactosidase assay
Senescence-associated b-galactosidase activity was detected as described previously (22) , using a senescent cell staining kit (Sigma).
Single-cell gel electrophoresis (comet) assay
Single-and double-strand DNA breaks were detected using alkaline and neutral comet assays respectively (23, 24) . The alkaline comet was performed exactly as described (23) . The neutral comet assay was conducted as described (24) , using the lysis protocol described by Chandna (25) . Following electrophoresis, slides were rinsed, stained with 5 mg/ml 4 0 ,6-diamidino-2-phenylindole (Roche, Mannheim, Germany) and analysed under an Apotome (Zeiss, Germany) microscope. Images were captured with an Axiocam HRc colour CCD camera (Zeiss) and digitally saved using AXIO VISION software (Zeiss). Data were analysed by CASP (Comet Assay Software Project), which measures tail moment, using the DNA content in the tail and head along with the distance between the means of the head and tail distributions (http://casplab.com). At least 30 nuclei were analysed for each experimental condition.
Indirect immunofluorescence
Cells were fixed with 4% formaldehyde and permeabilized with phosphate-buffered saline supplemented with 0.5% saponine (Sigma) and 0.3% Triton X-100 (Sigma). After blocking for 1 h, cells were incubated overnight at 4 1C, with antibodies against Ser139-phosphorylated H2AX (phospho-H2AX; Millipore) or against 53BP1 (Abcam, Paris, France). After incubation with Alexa 568-conjugated secondary antibodies (Invitrogen), cells were counterstained with 4 0 ,6-diamidino-2-phenylindole (Roche) and observed using an Apotome (Zeiss) microscope. Images were captured with an Axiocam HRc colour CCD camera (Zeiss) and digitally saved using AXIO VISION software (Zeiss).
Cell cycle analysis and bromodeoxyuridine incorporation assay
Cells were washed twice in phosphate-buffered saline and fixed in ice-cold ethanol for 10 min. After two phosphatebuffered saline washes, cells were incubated with 20 mg/ml of RNase A (Fermentas, Leon-Rot, Germany) at 37 1C for 10 min and stained with propidium iodide (10 mg/ml; Sigma). Cell cycle distribution was determined by flow cytometry using FACSCAN and CELLQUEST software (Becton Dickinson, Franklin Lakes, NJ, USA). Cell cycle analysis combined with the bromodeoxyuridine incorporation assay was performed using cells first labelled with 10 mmol/l bromodeoxyuridine (Sigma) for 2 h before each testing time. Cells were incubated with FITC-conjugated antibromodeoxyuridine antibody (BD Bioscience, Franklin Lakes, NJ, USA) at room temperature in the dark, following DNA denaturation with 4N HCl for 30 min (26) .
Results
Induction of DNA adducts, 8-hydroxydeoxyguanosine lesions and DNA breaks by aflatoxin B1 in HepG2 cells
The human hepatoma line HepG2 has retained the activities of various phase I and phase II enzymes that play a crucial role in the activation and detoxification of genotoxic procarcinogens. It has been used successfully for genotoxicity assays for various classes of environmental carcinogens including aflatoxins, nitrosamines, aromatic and heterocyclic amines and polycyclic aromatic hydrocarbons, as well as for antimutagenicity studies (27) . Furthermore, HepG2 has retained the wild-type activity of the p53 gene, a wellestablished DNA damage response gene (28, 29) . Therefore, we first used the HepG2 cell line to test the genotoxic effects of AFB1. Cells were treated with 3-5 mmol/l of AFB1 in the absence or the presence of the S9-activating system that allows the activation of AFB1 into AFB1-8,9 epoxide (18) . Following 24 h of exposure, cells were subjected to immmunoperoxidase assays to detect the imidazole ring-opened persistent form of the major N7-guanine adduct of AFB1 and 8-hydroxydeoxyguanosine DNA lesions. Our results verified the detection of AFB1 adducts in the nuclei of most cells with 3 or 5 mmol/l AFB1 (Fig.  S1A) . Adduct detection levels were quite similar between these two doses, indicating that AFB1 was capable of inducing highly abundant DNA adducts when tested at micromolar levels. We also observed the detection of (Fig. S1B) . The same results were obtained in the presence or in the absence of the S9-activating system (Fig. S1) .
The genotoxic effects of AFB1 were studied by alkaline and neutral comet assays that detect single-and doublestrand DNA breaks respectively (23, 24) . Examples of comet assay results are shown in Figure 1A . Both AFB1-and Adriamycin-exposed cells, tested by an alkaline comet assay at 72 h post-exposure time, displayed a statistically significant increase in comet tail moments (P o 0.0001), indicating the presence of abundant single-strand DNA breaks (Fig. 1B, left) . A neutral comet assay also detected a statistically significant (P o 0.0001) increase in tail moments with both chemicals that lasted at least 48 h after the removal of chemicals from the cell culture medium (Fig. 1B, right) . Tail moments obtained with the neutral comet were nearly 10-fold fewer than those obtained with the alkaline comet (Fig. 1B) . Thus, AFB1 induced many more single-strand breaks than double-strand breaks.
Lack of significant growth inhibition in response to aflatoxin B1 exposure Next, we studied the cellular response to AFB1-induced genotoxicity using cell growth, senescence and apoptosis assays. Cell survival was determined by assessing colony growth in 100 mm dishes after exposure to AFB1 or Adriamycin. HepG2 cells were seeded in six-well plates and semiconfluent cells were exposed to AFB1 (0-50 mmol/l) in the presence of the S9-activation system. Control cells were treated with Adriamycin (0-5 mmol/l). Following 4 and 24 h of exposure, 10 4 cells were seeded into 100-mm dishes and colonies were counted 10 days later. Cell survival was calculated as the percent ratio of cell numbers in treated vs untreated cells. Survival parameters were determined by plotting survival data on a semi-log plot. AFB1 did not affect colony survival after 4 or 24 h of treatment at doses 5 mmol/l (Fig. 2, closed circles) . In contrast, Adriamycin displayed a strong inhibition of colony survival, even with 50 times less concentrated molar doses (Fig. 2, open circles) .
Detectable effects of AFB1 were observed only when cells were exposed for 24 h at doses reaching 50 mmol/l (Fig. 2,  bottom, inset) .
We noticed that both AFB1 and Adriamycin displayed genotoxic effects that caused DNA breaks at comparable intensities (Fig. 1) , but their effects on cell survival were highly different (Fig. 2) . DNA damage usually triggers a strong cytotoxic response as observed here with Adriamycin (Fig. 2, open circles) . This was not the case for AFB1-induced DNA damage that resulted in only a weak colony-inhibitory effect (Fig. 2, closed circles) . In confirmation of these observations, 3 days of exposure to AFB1 did not induce a senescence response as tested by a senescence-associated b-galactosidase assay (Fig. S2A ) nor apoptosis as tested by an activated caspase-3 assay (Fig. S2B) . These findings prompted us to further explore the DNA damage response of HepG2 cells to AFB1.
DNA damage checkpoint foci induction by aflatoxin B1
To test the checkpoint response, we first used 53BP1 and phospho-H2AX foci assays (15) by immunofluorescence. Both AFB1 and Adriamycin induced 53BP1 and phospho-H2AX foci that were detectable after 3 days of culture, but AFB1-induced foci formation appeared to be less strong (Fig. 3) . These findings provided evidence for a double-strand DNA break response (15, 16) to both agents, although the response appeared to be slightly different. We tested the statistical significance of AFB1-induced foci formation by counting cells with 53BP1-positive foci (4 5 foci/cell). Cells exposed to AFB1 between 1 and 72 h showed a progressive and statistically significant (P o 0.0001) accumulation of 53BP1 foci (Fig. S3) . To test the duration of 53BP1 foci following a fixed time of exposure to AFB1, cells were first treated with AFB1 for 24 h and then cultivated in the absence of chemical treatment for up to 120 h. Cells with positive 53BP1 foci were detected by an indirect immunofluorescence assay (Fig. S4A ) and then counted. As shown in Fig. S4B , the accumulation of 53BP1 foci peaked at 48 h of post-treatment, with 40% positive cells. A residual foci activity with 15-20% positive cells was detectable for at least 120 h in cells no longer exposed to AFB1. In contrast, cells exposed to DMSO only displayed low foci activity (o 5%) throughout the experiment, indicating that increased foci formation was because of AFB1 exposure. Western blot analysis of the total 53BP1 protein demonstrated its higher expression in cells exposed to AFB1 for at least 72 h (Fig. S4C) . Taken together, our findings indicated that following exposure to AFB1, HepG2 cells develop persistent 53BP1 foci that are compatible with a double-strand DNA break response lasting for several days.
Effects of aflatoxin B1 on HepG2 cell cycle progression
Based on observations indicating a defective growth response to AFB1 (Fig. 2) , despite the formation of (Fig. S1 ), DNA strand breaks ( Fig. 1) and DNA damage foci (Figs. 3, S3 and S4), we performed time-course studies on cell cycle progression of HepG2 cells following AFB1 exposure. As shown in Figure 4 , AFB1 exposure resulted in a transient accumulation of cells at the S phase (up to 26% from 13%, one-fold increase) at 24 h, followed by a return to control levels at 48 and 72 h. These changes were accompanied by a slight increase (40%) in G2/M-phase cells at 48 and 72 h, together with a slight decrease (18-26%) in G1-phase cells. These observations provided evidence for a transient and weak growth inhibition in HepG2 cells following AFB1 exposure (Fig. 4) . The lack of a total cell cycle block under AFB1 exposure was compatible with a nearly complete colony survival after 5 mmol/l AFB1 exposure (Fig. 2) . Of particular interest, AFB1-exposed HepG2 cells did not undergo G1 arrest despite the expression of wild-type p53, strongly suggesting that AFB1-induced DNA damage did not trigger a p53-dependent DNA damage response in these cells.
Incomplete DNA damage checkpoint response to aflatoxin B1 in different cell types p53-dependent response to DNA damage is a strong mechanism protecting cells against the accumulation of deleterious mutations (15, 17, 30) . Based on the current model for p53 activation upon DNA damage (15), we tested the status of critical components of DNA damage signalling after AFB1 exposure. Adriamycin and hydroxyurea were used for control experiments. As shown in Figure 5 , Adriamycin treatment induced a typical double-strand break response in HepG2 cells by induced phosphorylations of H2AX, Chk2 and p53ser15, together with a weak induction of p53ser20 phosphorylation. Hydroxyurea treatment resulted in a weak phosphorylation of Chk1. As expected, we noted time-dependent differences in these responses. The response to AFB1 was globally weak or even absent. The only detectable response was observed with H2AX phosphorylation that was detectable after 24 h of AFB1 exposure, as well as Fig. 3 . Induction of 53BP1 and phospho-H2AX foci following AFB1 exposure in HepG2. Cells were treated with AFB1 (3 mmol/l) for 3 days and then subjected to 53BP1 and phoshpo-H2AX foci detection by indirect immunofluorescence. Control cells were exposed to DMSO only. Adriamycin (0.1 mmol/l) was used as a positive control. Scale bar = 20 mm. ADR, Adriamycin; AFB1, aflatoxin B1; DMSO, dimethyl sulphoxide.
Liver International (2011) after 24 h post-exposure. We performed additional studies with Huh7, an HCC cell line with retained activities for AFB1 activation (31), but displaying a homozygous p53 mutation (28) . As shown in Fig. S5 , Huh7 cells responded to Adriamycin by upregulation of phospho-H2AX levels only, and there was no phospho-Chk1 phosphorylation in response to hydroxyurea treatment. AFB1 did no affect phosphorylations of Chk1, chk2 or p53ser15, and the effect on H2AX phosphorylation was weakly detectable at 24 h of exposure. Taken together, these studies indicated that, apart from H2AX phosphorylation, critical components of DNA damage checkpoint proteins were not affected in hepatoma cells. In addition, the induction of p53 phosphorylation in response to DNA damage by Adriamycin appeared to be dependent on the wild type of the mutant status of p53 gene (see Fig. 5 in comparison with Fig. S5) .
In order to further investigate the role of AFB1 in DNA damage response induction, we decided to explore wildtype p53-expressing HCT116 colorectal cancer cells and their p53 knockout HCT116-p53 À/À derivatives (17) . We performed all AFB1 experiments in these cell lines in the presence of the S9-activating system to allow the transformation of AFB1 into epoxy-AFB1 (32) . First, we assessed the formation of DNA lesions following exposure to AFB1 (5 mmol/l) and Adriamycin (1 mmol/l). The response of HCT116 cells to both AFB1 and Adriamycin treatment was not different from the observations obtained with HepG2 cells. The great majority of cells stained positive for 8-hydroxydeoxyguanosine lesions following drug exposure (Fig. S6A ) and displayed DNA double-strand breaks as tested by a neutral comet assay (Fig. S6B) . Furthermore, HCT116 cells exposed to 5 mmol/l AFB1 for 24 h displayed a statistically significant (P o 0.0001) increase in both 53BP1 and phospho-H2AX-positive foci that lasted at least 48 h post-exposure, independent of TP53 status (Fig. S7) . Western blot analysis of critical components of DNA damage checkpoint response also provided results quite similar to that of HepG2. As shown in Fig. S8 and in comparison with Adriamycin and hydroxyurea, AFB1 treatment induced only a weak upregulation of phospho-H2AX levels at 24 h of exposure, with a more pronounced increase at 24 h of post-exposure.
Taken together, our observations with three different cell lines indicated that AFB1 induced a weak and delayed accumulation of phospho-H2AX. The phosphorylation of H2AX strongly suggested that AFB1-induced DNA damage triggered ATM activation by double-strand DNA breaks (15, 33) . However, this ATM response was not accompanied by phosphorylations of Chk1, Chk2 or p53, three key proteins involved in the DNA damage checkpoint response. The lack of Chk1 phosphorylation after AFB1 exposure also suggested that the ATR/Chk1 pathway response was also inactive against AFB1-induced DNA damage. The mechanism of the inefficient DNA damage response to aflatoxin B1
As we observed similar responses of HCT116 and hepatoma cells to both AFB1 and Adriamycin treatment, we decided to further explore AFB1 effects using the isogenic HCT116 model, allowing us to better define its potential implications in p53-mediated DNA damage response. Before testing of AFB1 effects, we first examined the cell cycle responses of HCT116 and HCT116-p53 À/À cells to Adriamycin. HCT116 cells displayed G1 and G2/M arrests in response to Adriamycin, associated with low levels of apoptosis (subG1 peak) and polyploidy formation at higher doses (Fig. S9A) . There was also a depletion of S-phase cells as an indication of DNA synthesis inhibition that lasted at least 48 h following the removal of Adriamycin from the cell culture medium. The response of HCT116-p53 À/À cells to Adriamycin was essentially similar, with the noticeable absence of a G1 peak (Fig. S9A) . Based on Fig. S9B , which compares Adriamycininduced cell cycle changes in wild-type and p53 knockout HCT116 cells, we concluded that DNA damage induced by Adriamycin is associated with a p53-dependent G1 arrest and a p53-independent G2/M arrest.
Our cell cycle studies with AFB1 treatment in the same cell lines are shown in Fig. S10 . Unlike HepG2 cells, the HCT116 cell lines did not display a significant increase in S-phase cells. However, they displayed a weak decrease in the G1 phase, in parallel to a weak increase in G2/M cells, as observed with HepG2 cells. The response of HCT116-p53 À/À cells to AFB1 exposure was not remarkable either, except for a slight increase in G2/M cells.
Taken together, these observations strongly suggested that human cells exposed to AFB1 could not develop a growth control response. The most likely reason for this was a delayed and deficient checkpoint response, including a lack of efficient phosphorylation of p53 protein. Therefore, we also compared the effects of AFB1 and Adriamycin on p53 and p21
Cip1
. As shown in Figure 6A , Total cell lysates were subjected to western blot analysis. Calnexin was used as a loading control. p-H2AX, phospho-H2AX; pp53ser15, phospho-p53ser15; p-p53ser20, phospho-p53ser20; p-Chk2, phospho-Chk2; p-Chk1, phospho-Chk1. À/À (C) cells were cotreated with Adriamycin (ADR, increasing doses: 0, 0.1, 0.5 and 1 mmol/l respectively) in the absence (DMSO) or in the presence of 3 mmol/l AFB1, as described in (A) for 24 h (24 h pre-exposure to AFB1, followed by 24 h of co-exposure). Total cell lysates were used for western blot using anti-p53 and antip21 Cip1 antibodies. Calnexin was used as a loading control. AFB1, aflatoxin B1; DMSO, dimethyl sulphoxide.
both p53 and p21
Cip1 responded to Adriamycin treatment with a dose-dependent increase in HCT116 cells. The increase in p21
Cip1 levels was p53-dependent, because we did not observe p21
Cip1 response in HCT116-p53 À/À cells. In contrast, AFB1 treatment did not produce any detectable change in p53 levels in HCT116 cells. As a result, there was no detectable increase in p21
Cip1 in both HCT116 and HCT116-p53 À/À cells. These findings suggested that either the AFB1 was actively involved in the inhibition of an effective DNA damage checkpoint response or the damage inflicted by AFB1 did not reach a threshold that is necessary for checkpoint activation, similar to previous observations with low-dose ionizing radiation (16) . To test whether AFB1 inhibits the checkpoint response, we cotreated HCT116 cells with increasing doses of Adriamycin (0, 0.1, 0.5 and 1 mmol/l respectively) in the absence or presence of 3 mmol/l AFB1. As shown in Figure 6B and C, the accumulation of p53 and p21
Cip1 after Adriamycin exposure was not inhibited by AFB1 in HCT116 cells. Indeed, there was a slight increase in the accumulation p21
Cip1 after 0.1 mmol/l Adriamycin treatment in the presence of AFB1. The p21
Cip1 response of HCT116-p53
À/À cells to Adriamycin was not affected by AFB1, except for a weak accumulation that was observed when cells were cotreated with 1 mmol/l Adriamycin and 3 mmol/l AFB1. These findings showed that AFB1 did not inhibit DNA damage checkpoint response under the conditions tested. Instead, AFB1 slightly stimulated the checkpoint response to Adriamycin.
Discussion
Hepatocellular cancer risk from aflatoxins, as well as aflatoxins' hepatocellular biochemistry, DNA interacting forms, the types of DNA damage and their repair by nucleotide excision, and their in vitro and in vivo mutagenic specificity for G ! T transversions are well-established facts (34) . Here, we addressed a less well-understood, but critical component of aflatoxin genotoxicity, namely the DNA damage checkpoint response. The in vitro experimental model system used here was designed after carefully considering previously described features associated with aflatoxin-related carcinogenicity. Human cells with a wild-type p53 expression were preferred because of the fact that a specific hotspot mutation of this gene was observed only in human HCC, not in other aflatoxin-induced mammalian tumours (35) . We considered estimated chronic aflatoxin exposure levels in humans (0.01-0.3 mg/kg/day) (3) and hepatocarcinogenic doses (0.015-1 ppm) in rats (36) . We also considered that 30 min of exposure to 1.6 mmol/ l AFB1 was sufficient to induce p53-249 G ! T mutations in HepG2 cells (37) and 0.2-5 mmol/l doses induced reporter gene mutations in mouse fibroblasts (32) . Thus, the AFB1 doses that we used here (3-5 mmol/l) were at the upper limits of in vitro mutagenic activity in mammalian cells and were estimably superior to carcinogenic doses in humans and rats. We performed our cell response studies over a period of several days so that we could determine both immediate and delayed effects. Our findings demonstrate that AFB1, when tested under conditions comparable with mutagenic and carcinogenic exposure levels, creates DNA adducts, 8-hydroxy-deoxyguanosine lesions and persistent strand breaks, but it does not lead to a sustained cell cycle arrest and/or an apoptosis response. AFB1 adducts are repaired by nucleotide excision repair (8); however, their removal is slow (6) and they remain at maximum levels for several days and are detectable over several weeks in rat liver cells (6, 7) . The unusual stability of AFB1 adducts together with a slow repair process could account for their strong genotoxic effects. The expansion of cells with unrepaired DNA lesions could cause mutations in their genomes. Therefore, such cells are under the strict control of DNA damage checkpoint proteins that block cell cycle and/or induce apoptosis (15, 16, 30) . Our in vitro findings and previously reported in vivo studies strongly suggest that cells exposed to mutagenic doses of AFB1 cannot develop a strong cell cycle arrest and/or apoptosis response. Our detailed analysis of DNA damage checkpoint proteins provides a plausible explanation for the uncoupling between DNA damage and growth control following AFB1 exposure. AFB1-exposed cells displayed DNA damage foci formation with both 53BP1 and phospho-H2AX marker proteins. These findings suggest that AFB1-induced DNA damage might trigger a checkpoint response compatible with a doublestrand break-type response involving ATM. However, this response was weak and delayed, as indicated by phospho-H2AX levels tested by western blot analysis. Our western blot studies for phospho-ATM levels after AFB1 exposure provided inconsistent results with or without an increase (data not shown), further indicating that ATM is not activated consistently following AFB1-induced DNA damage. In confirmation of this hypothesis, AFB1-induced DNA damage failed to activate Chk2 and p53ser15 phosphorylations. The alternative DNA damage checkpoint response mediated by ATR and Chk1 was also ineffective, as tested by Chk1 and p53ser20 phosphorylation. The most important outcome of a deficient response to AFB1 was a lack of cell growth control. Apart from a slight and transient increase in the G2/M phase, cells did not undergo stable cell cycle arrest, senescence and/or apoptosis. Consequently, the overall cell survival was not affected even after exposure to 5 mmol/l AFB1. It was necessary to expose cells to 50 mmol/l AFB1 for at least 24 h in order to observe a cytotoxic effect. Such a high dose represents a more than 150-fold higher value when compared with effective doses of Adriamycin in the same type of cells.
The mechanisms of the failing checkpoint response to AFB1 are currently unknown. We speculate that AFB1 is able to induce DNA damage, without triggering an effective damage response signal at doses 5 mmol/l. The delayed and defective DNA damage response to AFB1 could be related to the type of DNA and protein adducts that it forms in exposed cells (5, 8) . AFB1 DNA adducts that are known to be repaired primarily by nucleotide excision repair (8) may not be sufficient to trigger directly a strong DNA damage response, which usually requires single-and double-strand DNA breaks (15, 16) . Instead, the DNA breaks could occur during the repair process causing a delayed response, as suggested by a weak and delayed occurrence of phospho-H2AX accumulation observed here. Alternatively, or in addition, adducts of AFB1 formed with critical cellular proteins may hamper an effective damage response. This alternative is highly unlikely, as suggested by the inability of AFB1 cotreatment to inhibit Adriamycininduced accumulation of p53 and p21
Cip1 as an end-point reporter for checkpoint response. Thus, our findings favour the hypothesis that AFB1-induced DNA damage, tested here at doses 5 mmol/l, did not reach the threshold for an efficient induction of checkpoint response. At higher doses, AFB1 is probably effective to trigger a DNA damage response. Indeed, it has been reported previously that HepG2 cells exposed to 10 mmol/l AFB1 can elicit a cell cycle arrest response (38) . When tested with 5 mg/kg dose, AFB1 exposure could induce p21
Cip1 upregulation in rat liver (39) . However, as stressed earlier, cancer-causing dietary exposure to AFB1 occurs at low levels, a condition that is similar to our in vitro conditions that provided evidence for a defective checkpoint response.
A defective or a negligent G2/M checkpoint response to low ionizing radiation exposure has been postulated by Löbrich and Jeggo (16) as a potential cause of genomic instability and cancer risk. The authors also proposed that a master p53-dependent G1 checkpoint might remain effective during a negligent G2/M checkpoint for later elimination of escaping cells. Our findings strongly suggest that the DNA damage checkpoint in response to low doses of AFB1 is defective, negligent or delayed. In addition, a p53-dependent salvage pathway is apparently ineffective against AFB1-induced DNA damage. The lack of an efficient response to AFB1-induced DNA damage may be because of the type of lesion(s) induced at the DNA and/or protein levels by activated AFB1 in exposed cells. It will be interesting to further investigate these issues in future studies.
In conclusion, our findings provide in vitro evidence for a negligent G1 and G2/M checkpoint response to AFB1-induced DNA damage. This defective response may contribute to the mutagenic and carcinogenic potencies of aflatoxins.
Supporting information
Additional supporting information may be found in the online version of this article: Figure S1 . Induction of DNA adducts and 8-hydroxydeoxyguanosine lesions following AFB1 exposure in HepG2. Figure S2 . Induction of senescence arrest and apoptosis in HepG2 cells by Adriamycin, but not AFB1 in HepG2. Figure S3 . Time-dependent increase in 53BP1 focipositive HepG2 cells under AFB1 exposure. Figure S4 . The duration of 53BP1 foci after 24 h of exposure to AFB1 in HepG2. Figure S5 . Incomplete DNA damage checkpoint response of Huh7 hepatoma cells to AFB1. Figure S6 . Induction of 8-hydroxy-deoxyguanosine lesions and double-strand breaks in HCT116 isogenic clones following AFB1 exposure. Figure S7 . Increased DNA damage-induced foci detection after exposure of HCT116 isogenic clones to AFB1. Figure S8 . Incomplete DNA damage checkpoint response of wild-type p53 HCT116 cells to AFB1. Figure S9 . p53-dependent and p53-independent cell cycle arrest in HCT116 isogenic clones after Adriamycin treatment. Figure S10 . Lack of cell cycle arrest of HCT116 isogenic clones in response to AFB1-induced DNA damage.
Please note: Wiley-Blackwell is not responsible for the content or functionality of any supporting materials supplied by the authors. Any queries (other than missing material) should be directed to the corresponding author for the article. 
